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During metamorphosis, holometabolous insects completely replace the larval
gut and must control the microbiota to avoid septicaemia. Rapid induction of
bactericidal activity in the insect gut at the onset of pupation has been
described in numerous orders of the Holometabola and is best-studied in
the Lepidoptera where it is under control of the 20-hydroxyecdysone (20E)
moulting pathway. Here, using RNAseq, we compare the expression of
immune effector genes in the gut during metamorphosis in a holometabolous
(Galleria mellonella) and a hemimetabolous insect (Gryllus bimaculatus). We find
that in G. mellonella, the expression of numerous immune effectors and the
transcription factor GmEts are upregulated, with peak expression of three
antimicrobial peptides (AMPs) and a lysozyme coinciding with delamination
of the larval gut. By contrast, no such upregulation was detectable in the
hemimetabolous Gr. bimaculatus. These findings support the idea that the
upregulation of immune effectors at the onset of complete metamorphosis
is an adaptive response, which controls the microbiota during gut
replacement.

This article is part of the theme issue ‘The evolution of complete
metamorphosis’.

1. Introduction

Complete metamorphosis is the defining trait of holometabolous insects and
entails a radical reorganization of the anatomy during a pupal stage [1]. The
adaptive value of such a drastic event is to decouple the larval and adult
stages [2], which separates growth and differentiation [3,4]. However, the
addition of the sessile pupal stage, which seems to have evolved only once
[5], also comes with costs, such as increased predation rates [6], parasitoid
attacks [7] and infections [8]. Another challenge that needed to be resolved
during the evolution of complete metamorphosis is the control of the micro-
biota during gut metamorphosis, which entails the replacement of the entire
larval gut epithelium. The insect host must control the gut microbiota to
avoid septicaemia, but complete eradication of the gut microbiota would risk
the loss of potential mutualists [9]. Early work in Diptera used experimental
infections of the house fly Musca domestica to demonstrate the persistence of
bacteria during metamorphosis [10]. Such persistence was subsequently
described in Coleoptera [11], Diptera [12], Lepidoptera [13] and Hymenoptera
[14]. In the lepidopteran Manduca sexta, Russell & Dunn [15] showed that lyso-
zyme and antimicrobial peptides (AMPs), best-studied as immune effectors
produced in the fat body in response to microbial infections, are secreted by
the replacement adult gut epithelium into the gut lumen en masse in a
manner analogous to that of vertebrate Paneth cells. Importantly, the synthesis
of immune effectors within the replacement gut epithelium begins before
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delamination of the larval epithelium and hence before the
replacement epithelium becomes directly exposed to the
microbiota [15]. Thus, it was proposed that the release of
immune effectors upon delamination of the larval epithelium
constitutes a prophylactic response under endocrine control
that functions to protect the host from infection in the absence
of the peritrophic matrix [16]. Recent work has described
the same phenomenon in the silkworm Bombyx mori and
the tobacco cutworm Spodoptera litura, where lysozyme and
the lepidopteran AMP lebocin are induced in the pupal gut
[17,18] in addition to their roles in other tissues as canonical
immune defences [19]. In B. mori, this dual use has been
achieved by co-option of lysozyme and lebocin expression by
the 20-hydroxyecdysone (20E) moulting pathway [17]. In the
case of lebocin, this permits Toll-mediated induction in the fat
body in response to infection [19] in addition to 20E-mediated
induction via the Broad complex and the transcription factor
BmeEts in the gut during metamorphosis [17]. Taken together,
these results support the notion that the induction of immune
effectors in the gut prior to metamorphosis is under endocrine
control and independent of microbial recognition [17]. The
study of immune gene induction across the entirety of the
larval-pupal moult is hampered by the difficulties inherent in
the specification of the stages of gut metamorphosis. Delamina-
tion of the larval gut epithelium occurs in the prepupa and
precedes ecdysis of the external cuticle. Thus, it is not possible
to directly observe the ultrastructural changes in the prepupal
gut in a non-destructive manner. In Galleria mellonella, the
stage of gut replacement can be precisely specified by observing
the migration of pigments in the stemmata (larval eyes) [20],
which allows sampling of guts at each stage of the larval-
pupal moult. We have previously used this classification
system to enable the quantification and manipulation of lyso-
zyme expression in the gut during the larval-pupal moult,
demonstrating that changes in the composition of the gut
microbiota during metamorphosis is under partial host
immunological control [9].

Metamorphosis in hemimetabolous insects contrasts with
holometaboly, in that it entails much less physiological and
morphological reorganization. While development is under
the control of the same major pathways [21], little is known
about the regulation of immune genes during moults and
especially during the nymphal-adult moult. Indirect evidence
of differences in the regulation of immunity in the gut is
provided by studies that quantify the changes in the gut micro-
biota during development. Sudukaran et al. [22] reported a
constant increase in microbial density and diversity during
the development of the hemimetabolous fire bug. By contrast,
complete metamorphosis drives strong reductions in density,
diversity and changes in composition [9,13,23], with some
bacterial species being driven to extinction [9,23].

Here we compare, using RNAseq, the temporal dynamics
of immune effector gene expression in the midgut throughout
the final larval moult in the holometabolous insect G. mellonella
with the hemimetabolous insect Gryllus bimaculatus, taking
these as examples of the different developmental modes [24].
We hypothesize that the induction of AMP and lysozyme
expression observed in holometabolous insects should
coincide with delamination of the larval gut epithelium.
By contrast, given that the gut does not undergo extensive
remodelling or replacement during hemimetabolous metamor-
phosis, we expect no immune effector induction in the absence
of infection.

2. Material and methods

(@) Gryllus bimaculatus rearing and sampling

A laboratory culture of Gr. bimaculatus (two-spotted cricket) was
established with insects purchased from a commercial supplier
(Der Terraristikladen, Diisseldorf, Germany) and reared at the
Freie Universitdt Berlin. They were held in plastic containers
with a 16 L:8 D cycle at 27 +1°C. Crickets were fed a diet of
insect pellets and were supplied with water ad libitum via a
cotton plugged tube. Under these conditions, a complete gener-
ation cycle included eight moults over a period of
approximately 62 days, with the final larval instar lasting for 9
days [25,26]. Crickets were reared individually from the seventh
instar and checked daily to determine their development into the
final instar. Stage I samples were collected 7 days after crickets
moulted into the final nymphal instar and individuals stopped
feeding. Individuals of stage Il were sampled 24 h later and crick-
ets representing stage III were collected after an additional 12 h.
Adults were sampled within 1 h after the imaginal moult. RNA
was isolated from dissected midguts as described below and
used to create 3 independent replicate pools per stage, each
representing 8 individual insects, resulting in 12 sample pools.

(b) Galleria mellonella rearing and sampling
Final-instar larvae were purchased from a commercial supplier
(Livefoods Direct, Sheffield, UK) and used to establish a
laboratory colony. Larvae were reared in the dark at 30°C on a
grain-honey diet as described previously [9].

The staging system of Kiihn & Piepho [27], as described by
Uwo et al. [20], was used to specify the stages of midgut meta-
morphosis in larvae and pupae (see Uwo et al. [20] and Ellis
et al. [28] for illustrations):

1. Stage I, a wandering larva that has ceased feeding and started
spinning. Pigments remain entirely within the stemmata.

2. Stage II, a spinning larva. Pigments have partially migrated
from the stemmata.

3. Stage III, a spinning larva. Pigments have left the stemmata
completely but are still in contact with the cuticle. The larval
gut epithelium has delaminated and floats freely in the lumen.

4. Stage IV, a mature spinning larva. Pigments have merged and
sunk beneath the cuticle but are still visible. This stage is very
brief and could not be adequately sampled.

5. Stage V, a prepupa that has ceased spinning. Stemmatal pig-
ments are no longer visible. The midgut is laterally flattened
and the detached larval gut has formed the yellow body
that undergoes apoptosis.

6. Stage VI, a new pupa. The cuticle has not sclerotized and is
completely white.

7. Stage VII, a sclerotized pupa. Approximately 24 h after the
larval-pupal moult.

The migration of stemmatal pigments was monitored under a
stereo microscope. For each of six stages (I-III and V-VII), RNA
was isolated (as described below) from dissected midguts and
combined in 6 (stages II and VI), 7 (stage II) or 8 (stages I, V
and VII) independent pools, each representing 10 individuals.

() RNA isolation and library preparation

Midguts were homogenized in Trizol (Sigma, Taufkirchen,
Germany) with two sterile 5 mm steel beads (Qiagen, Hilden,
Germany) using a TissueLyzer (Qiagen) at 30 Hz for 2 x 3 min.
Total RNA was recovered according to the manufacturer’s
instructions using chloroform extraction and isopropanol precipi-
tation and re-dissolved in RNA Storage Solution (Ambion).
Samples were incubated with 2 units of TurboDNase (Ambion)
for 30 min at 37°C before a phenol/chloroform extraction was
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performed in order to purify the RNA. Equal quantities of total
RNA were used to create independent replicate pools for each
stage. RNA pools were quantified using a Qubit 2.0 fluorometer
(Life Technologies, Carlsbad, California) and an RNA 6000 Nano
chip on a BioAnalyzer 2100 (Aligent, California). Gr. bimaculatus
libraries were prepared using the NEXTflex " Rapid Directional
mRNA-Seq Kit (Bioo Scientific, Austin, Texas) and sequenced
on an Illumina NextSeq550 platform (Illumina, San Diego, CA,
USA) at the Berlin Center for Genomics in Biodiversity Research
(BeGenDiv) for 150 cycles to yield 15-41 million read pairs per
library (mean 28 million). G. mellonella libraries were prepared
using an illumina TruSeq mRNA kit and sequenced for 200
cycles on a HiSeq 2000 at the Earlham Institute (Norwich, UK)
to yield 23-45 million read pairs per library (mean 32 million).
Sequencing data are available under BioProject accessions
PRJNA268796 and PRINA547710.

(d) De novo assembly and annotation

Assemblies for both species were produced using Trinity v. 2.8.4
[29], incorporating quality and adapter filtering via Trimmomatic
[30] and subsequent in silico normalization. Assemblies were
annotated with the Trinotate annotation pipeline [31].

(e) Inference of orthologous gene groups

OrthoFinder v. 2.2.7 [32] was used to infer orthology between pre-
dicted peptide sequences from Gr. bimaculatus, G. mellonella and
the proteomes of other insect species with sequenced genomes.
These included Acyrthosiphon pisum, Apis mellifera, Drosophila
melanogaster, Tribolium castaneum, Zootermopsis nevadensis, as well
as all Lepidopteran genomes from lepbase release 4 [33].

(f) Immune effector gene identification

Immune effectors of Gr. bimaculatus and G. mellonella were ident-
ified from orthologue groups containing annotated immune
genes from previously published insect genome projects.
Additionally, blast and HMM homology searches were per-
formed using previously described insect immune effector
proteins as queries against each de novo assembly.

(g) Differential gene expression

For both species, transcript abundances were quantified by
pseudo-aligning RNAseq reads to de novo assemblies using
Salmon v. 0.1.2.0 [34]. tximport [35] was used in conjunction
with DESeq?2 [36] to model gene-level estimated counts while
correcting for changes in transcript usage across samples. Specifi-
cally, to identify differential expression as a function of
developmental stage, likelihood-ratio tests were performed
between full and intercept-only negative binomial GLMs. Differ-
ential expression was considered to be significant when fold
changes were greater than 2 for pairwise Wald contrasts of devel-
opmental stages, with a false discovery rate (FDR)-corrected
p-value of less than 0.05. The mean of the normalized counts
for each gene was used as the informative covariate for indepen-
dent hypothesis weighting [37] in order to optimize the power of
multiple testing.

3. Results

(@) Galleria mellonella

A total of 6 lysozymes and 23 AMPs were identified in the
G. mellonella de novo assembly, the majority of which have
been previously described ([38,39] figure 1a). These included
three gloverins, five moricins, three cecropins, three defensins
and one antifungal peptide (gallerimycin). A previously

described lebocin-like proline-rich protein [39,40] was pre- [ 3 |

dicted to belong to an orthologue group together with all
annotated lebocins from the lepbase v4 and is here referred
to as lebocin. Lysozyme I and lebocin were predicted to be
orthologues of B. mori lysozyme and lebocin, respectively,
which were previously shown to be under control of 20E
via the Broad complex [41] and the BmEts transcription
factor [17]. The expression of all immune effectors varied sig-
nificantly as a function of developmental stage; however, only
four (Iysozyme I, cecropin 2, lebocin and gallerimycin) were
identified as being induced at the onset of the larval-pupal
moult in pairwise Wald contrasts of stage III versus stage V
(figure 1a). A putative orthologue of the BmEts transcription
factor (here GmEts) was identified as part of a single-copy Ets
orthologue group. GmEts showed significant induction
between stage I and stage II in a pairwise Wald contrast
(Wald statistic = 214.7199, adjusted p-value < 0.001), figure 1).

(b) Gryllus bimaculatus

Orthologues of 10 immune effector genes were identified,
comprising 4 inducible lysozymes and 6 AMPs. We identified
peptides with similarities to the classical AMPs defensin and
diptericin, as well as to 3 other diptericin-like peptides: pyr-
rhocoricin [42], prolixicin [43] and hemiptericin [44].
Thanatin was first isolated from the hemipteran insect Podisus
maculiventris and does not show similarities to the conven-
tional families of insect AMPs but exhibits sequence
similarities with the brevinine family of AMPs from frog
skin [45]. It shows activity against Gram-positive, Gram-
negative bacteria as well as against fungi [45]. There was
no significant upregulation of any of the annotated immune
effector genes during the nymphal-adult moult (figure 2).
A putative orthologue of the transcription factor BmEts [17]
(here GDbETS) also showed no significant change in
expression (figure 2).

4. Discussion

Taking G. mellonella and Gr. bimaculatus as representatives of
holo- and hemimetabolous insects, we found stark differ-
ences in immune effector gene expression between both
species during metamorphosis consistent with the hypothesis
that only complete metamorphosis elicits a prophylactic gut
immune response [16]. Clearly, further comparisons of
representative species from multiple orders from holo- and
hemimetabolous groups are needed to confirm whether this
finding reflects a general pattern. As previously observed in
other lepidoptera, G. mellonella shows strong upregulation
of a subset of immune effector genes at the onset of the
larval-pupal moult, whereas in Gr. bimaculatus, no significant
induction was detected. Our precise specification of the
stages of gut metamorphosis in G. mellonella prepupae [20]
shows that peak immune gene expression coincides with
delamination of the larval gut epithelium. Work in Bombyx
has demonstrated that transcription factor BmEts mediated
by 20E can induce the expression of immune effectors inde-
pendent of microbe-associated molecular patterns (MAMPs)
[17]. BmEts’ upregulation occurs in the prepupa approxi-
mately 12h prior to immune effector induction [14]. A
similar pattern is evident in our own data, with significant
induction of GmEts occurring at stage II, the spinning
larva, prior to both delamination of the larval gut epithelium
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Figure 1. Immune effector gene expression in the midgut during the larval-pupal moult of Galleria mellonella. Roman numerals correspond to precise develop-
mental stages (§82). Plotted values represent the coefficients and 95% confidence intervals from negative binomial generalized linear models.
(a,b) Lysozyme and antimicrobial peptide genes with no upregulation between stages Ill and V. (¢,d) Lysozyme and antimicrobial peptide genes with significant
upregulation between stages Ill and V. Upregulation was considered to be significant when fold changes were greater than 2 in a pairwise Wald contrast at an
FDR-corrected p-value of less than 0.05. Arrows denote the onset of the larval—pupal moult.

and significant induction of immune effector gene expression
(figure 1b,c). MAMP-independent 20E-mediated upregula-
tion of immune effectors has not been reported in
hemimetabolous insects and we detected no such upregula-
tion during gut metamorphosis in Gr. bimaculatus. This is
likely explained by the less drastic changes to gut anatomy
of hemimetabolous insects during metamorphosis, which
does not entail gut replacement [46] and therefore does not
necessitate prophylaxis. However, experimental support for
a prophylactic effect in holometabolous insects is lacking,
and our own work manipulating lysozyme expression
during gut metamorphosis via RNAi knockdown did not
detect any difference in pupal mortality [9]. We also cannot
exclude the possibility that in either species there may be
differentially expressed immune genes which were not suc-
cessfully annotated or that are expressed in other parts of
the gut (e.g. the hindgut, which may be an important site
of bacterial colonization) and are therefore unintentionally
excluded from our analysis. The present data show that in
G. mellonella, the cocktail of induced immune effectors is
more complex than previously described, with three AMPs
(lebocin, cecropin 2 and gallerimycin) showing induction, in

addition to lysozyme I. Future work could use RNAi knock-
down to test whether functional redundancy in the effector
cocktail has hindered the detection of a protective effect.
This is likely given that synergistic interactions between
insect AMPs are common [47,48] and are known to occur
between G. mellonella immune effectors, including lysozyme
I [49]. Alternatively, immune induction may serve to control
the proliferation of the microbiota rather than to specifically
protect against opportunistic infection. We observed that
immune effector upregulation persists into the pupal stage
(figure 1, stages VI and VII), during which time the degener-
ating larval gut epithelium forms the ‘yellow body’ within
the gut lumen and undergoes apoptosis and necrosis to
release breakdown products that are recycled by the replace-
ment gut [20,50]. This raises the possibility that immune
induction may function to suppress bacterial growth that
might otherwise disrupt the complex trophic relationship
between the autolytic larval gut and the replacement adult
gut [51].

A third explanation for the observed immune induction is
that it may function to drive changes in microbial community
composition, for example, in order to facilitate ontogenetic
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Figure 2. (a,b) Immune effector gene expression in the midgut during the nymphal—adult moult of Gryllus bimaculatus. Plotted values represent the coefficients
and 95% confidence intervals from negative binomial generalized linear models. Arrows denote the onset of the nymph—adult moult.

shifts in habitat and /or diet. This has recently been suggested
as one possible explanation for changes in microbial commu-
nity composition during amphibian gut metamorphosis [52],
where development is coupled with a shift from aquatic
detritivore to a terrestrial insectivore.

5. Conclusion

The replacement of the larval gut during metamorphosis in
holometabolous insects is associated with the induction of
an immune response in the gut. Future work should investi-
gate the adaptive value of this response and whether the
upregulation of gut immunity functions either as a simple
form of prophylaxis with collateral effects on the composition
of the gut microbiota, or to suppress the growth of microbes
that could otherwise compete with the host for nutrients

released by the autolytic larval gut, or to actively regulate
shifts in the composition of the microbiota, for example, to
facilitate ontogenetic diet shifts.
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